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1.1 DFT Simulation Details 
  We used a kinetic energy cutoff of 600 eV for the plane wave expansions in density functional 
theory (DFT) simulations, because it gives excellent convergence of the total energies, energy 
differences, and structural parameters. Reciprocal space was sampled using the Γ-centered 
Monkhorst-Pack scheme with a fine resolution less than 2π × 1/40 Å−1 except for the shear 
simulations. The convergence criteria were set to 1 × 10−6 eV energy difference for solving for 
the electronic wave function and 1 × 10−3 eV/Å force for geometry optimization.  
  In the pure shear deformations, the residual stresses after relaxing the strain for the other five 
directions were less than 0.5 GPa. For the shear simulations, The Monkhorst−Pack grid (2 × 4 × 
2) in the k-space was used for the shear deformations.  
  In the biaxial shear deformations, the applied shear strain (εxz) was fixed while the other five 
component stress relaxed until the below criteria satisfies: (i) the compressive pressure (σzz) 
beneath the indenter normal to the chosen shear deformation plane reaches a specified value (that 
is, σzz=σzxtanΦ where σzz is the normal stress, σzx is the shear stress and Φ is the the 
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centerline-to-face angle of the indenter); (ii) all the other four components (that is, σxx, σyy, σxy 
and σyz) of the Hellmann–Feynman stress tensor are negligibly small (<0.1 GPa) and the force on 
each atom becomes negligible. To compare with the twin structures, the prefect crystal is a 2 × 2 
× 2 supercell with 120 atoms in total. 
1.2 Failure mechanism of asymmetric twins 
  For asymmetric twins, we find that the failure process involves a two-step process, as shown 
in Fig. S5(a,b). (1) Firstly, it also breaks the B-C bond between icosahedra in the lower half part 
as shear strain increases to 0.209. However, now as the strain increases to 0.280, the carbene 
forms from the broken bond, but it is only in the lower half portion, not in the TB plane, as 
shown in Fig. S5(a). (2) Then, as the strain increases to 0.297, the middle boron atoms in C-B-C 
chain react with the carbene in the icosahedra in one lower layer to the TB plane. This causes one 
carbon in the C-B-C chain to insert into the B11Cp cage, forming a B11C2 cluster that also breaks 
partially the icosahedron, as shown in Fig. S5(b). The density of this breaking system is 2.480 
g/cm3, which is also lower than the 2.573 g/cm3 for the fully broken icosahedron of the perfect 
crystal. 
1.3 Material fabrication and microstructural characterization 
  The twin-free sample was acquired from Coostek (PAD B4C). The sample was consolidated by 
hot press and the microstructural information can be found in ref. (1) and ref. (2). The twin-1 
sample was fabricated using a process called rapid carbothermal reduction (RCR). In RCR 
process, free carbon particles are fed into a furnace in B2O3 vapor environment at 1600
oC. The 
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free carbon particles chemically react with B2O3 vapor and form B4C. One unique feature of 
RCR B4C powder is that all particles contain high density of planar defects. On the other hand, 
the commercial powders usually contains no or only few planar defects. After consolidating RCR 
B4C powders using spark plasma sintering, most of the twins were retained in the microstructure. 
The twin-2 sample was densified by Toto Ltd. and the processing information is confidential.4 
The sample is ~90% dense and all grains contain twins. 
  Transmission electron microscopy (TEM) specimens were mechanically polished to a 
thickness of a few microns and then thinned to electron transparency with ion milling (4 kV, 1 
mA). TEM CM300FEG, Eindhoven, The Netherlands) were employed to obtain detailed 
microstructural information such as grain size and the presence of planar defects. Electron 
energy loss spectroscopy (EELS) and X-ray diffraction (XRD) were used to estimate the 
chemical stoichiometry. In EELS, areas underneath the B-K and C-K edges were integrated to 
estimate the B:C ratio. In XRD, Rietveld Refinement and whole pattern fitting was used to 
determine the lattice parameters of the boron carbide samples. The relationship of the “a” lattice 
parameter and the carbon concentration developed by Aselage was used to obtain the 
stoichiometry.3 
  Fig. S6 shows the microstructure of both the twin-free and twinned boron carbide samples. 
Both samples are fully dense with no apparent pores or nano-voids. Grains in both samples are 
5-15 µm in size. In the twin-free sample, planar defects were observed in only a few grains. In 
the highly twinned sample, twins were observed in all grains.  
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1.4 Nanoindentation experiments 
  We use multiple loads to examine whether the twinned sample is harder than the twin-free 
counter parts under various loads. The heavily twinned and twin-free samples were firstly 
mechanically polished on diamond lapping films to mirror-like surfaces. All the samples were 
then ion milled at 4 kV for 10 min to remove the mechanical polishing induced damage layer so 
that the hardness values of the pristine boron carbide samples can be probed by nanoindentation 
under very small loads. The nanoindentation experiments were carried out using iNano 
(Nanomechanics inc.) equipped with a diamond Berkovich tip. All indentations were performed 
at a constant strain rate of 0.2 s-1. A total of 27 indents were made on each sample and the 
hardness-depth data were recorded using continuous stiffness measurement (CSM) technique. 
Hardness for each sample was compared for 3 different maximum loads – 10, 30 and 50 mN. 
Hardness for each loading conditions were measured from 80 ~ 130 nm (10mN), 150 ~ 200 nm 
(30 mN), and 225 ~ 275 nm indent depth (50 mN). The indent sizes are much smaller than the 
grain sizes, implying limited possibilities of hitting a grain boundary in the indentation 
experiment. 
  The microstructures of both twin-free and twinned samples underneath indents were observed 
using TEM on the FIB lift-out samples (Fig. S7), and they were observed to be similar. The 
dominant damaging mechanisms are amorphization, cracking, crystal fragmentation and crystal 
rotation. No deformation twins were observed. In addition, tilting experiments in TEM showed 
no apparent evidence of dislocation lines in the damaged zone. Therefore, the deformation and 
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damaging mechanisms are very similar in the twin-free and twinned samples.  
  
6 
 
Figure S1  
 
 
Figure S1. The shear model and stress-strain relationship for symmetric twins shearing along TB 
plane and perpendicular to TB plane: (a) the shear model; (b) the ideal shear stress for shear 
along the TB plane is 43.6 GPa that is lower than the slip perpendicular to the TB plane of 48.8 
GPa. This indicates that slip along the TB plane is easier than the shear perpendicular to the TB 
plane.   
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Figure S2 
 
 
Figure S2. Stress-strain relationship for perfect crystal (2 × 2 ×2 supercell) shearing along two 
opposite directions in the same slip plane of (0111). The ideal shear stress is 57.1 GPa along the 
hard direction of <1101> and 38.9 GPa along the easy direction of <1101>. 
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Figure S3 
 
Figure S3. Multiple layer twinned structure and the shear deformation: (a) 3-layer twinned 
structure; (b) 4-layer twinned structure; (c) stress-strain relationship under pure shear 
deformation. The TBs are represented by the solid black lines.   
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Figure S4 
 
Figure S4. The structural changes for the 3-layer twinned structure under shear deformation: (a) 
the structure at 0.322 strain before failure; (b) the strain at 0.345 strain after failure. 
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Figure S5 
 
Figure S5. Structures and ELF of asymmetric twin shear deformation: (a) the structure at 0.280 
strain before failure where carbene form the C-B-C chains bend to the icosahedra; (b) the 
structure at 0.297 strain after failure where the carbon in the C-B-C chain inserts to the 
icosahedra, forming the B11C2 cluster and breaks the C-B-C chain.   
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Figure S6 
 
Figure S6. Bright-field TEM micrographs of (a) the twin-free, (b) twin-1 and (c) twin-2 boron 
carbide samples. 
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Figure S7 
 
 
 
Figure S7. Bright-field TEM micrographs showing the microstructures of boron carbide under 
the indents of (a) twin-free and (b) twin-1 samples. 
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